Abstract There are two spurious jumps in the atmospheric part of the Gravity Recovery and Climate ExperimentAtmosphere and Ocean De-aliasing level 1B (GRACE-AOD1B) products, which occurred in January-February of the years 2006 and 2010, as a result of the vertical level and horizontal resolution changes in the ECMWFop (European Centre for Medium-Range Weather Forecasts operational analysis). These jumps cause a systematic error in the estimation of mass changes from GRACE time-variable level 2 products, since GRACE-AOD1B mass variations are removed during the computation of GRACE level 2. In this short note, the potential impact of using an improved set of 6-hourly atmospheric de-aliasing products on the computations of linear trends as well as the amplitude of annual and semi-annual mass changes from GRACE is assessed. These improvements result from 1) employing a modified 3D integration approach (ITG3D), and 2) using long-term consistent atmospheric fields from the ECMWF reanalysis
Introduction
The Gravity Recovery and Climate Experiment (GRACE) mission was launched in March 2002 with the aim to measure temporal variations of the Earth's gravity field (Tapley et al. 2004a) . Since then, GRACE-derived time-variable spherical harmonic coefficients have been used to determine the redistribution of mass within the Earth system from space at scales of a few hundred kilometers and larger (see e.g., Tapley et al. 2004a,b; Wahr et al. 2004; Kusche et al. 2012) . Particularly, GRACE time-variable level 2 (L2) fields have been used in numerous studies, including the estimation of the trend (i.e. linear and/or the acceleration terms) and periodic components of terrestrial water storage (TWS) changes on local and global scales (e.g., Llovel et al. 2010; Ogawa et al. 2011; , ice mass imbalance changes of polar ice sheets (e.g., Velicogna and Wahr 2006; Schrama et al. 2011; Barletta et al. 2012 ) and mountains glaciers (e.g., Shum et al. 2011; Jacob et al. 2012) , ocean bottom pressure variations (e.g., Chambers et al. 2004; Brunnabend et al. 2011 ) and global sea level rise (e.g., Baur et al. 2013; Jensen et al. 2013) , hydrological fluxes (e.g., Rodell et al. 2007 Rodell et al. , 2009 ) and earthquake-induced seismic deformation (e.g., Einarsson et al. 2010) .
Within the generation of L2 solutions from the level 1 measurements, high-frequency mass redistribution is either removed or taken into account within the parameter estimation process (Dobslaw et al. 2013) . The high-frequency nontidal oceanic and atmospheric mass changes, for instance, are reduced using GRACE Atmosphere and Ocean De-aliasing level 1B (GRACE-AOD1B) products as 'background' models (Flechtner 2007a,b) . This reduction is necessary since otherwise the high-frequency mass changes will be aliased into long wavelength signals, which deteriorate the accuracy of mass transport models (Flechtner 2007a; Flechtner et al. 2010) .
GRACE-AOD1B consists of sets of 6-hourly series of spherical harmonic coefficients up to degree and order 100 (Flechtner 2007a,b) . The ocean part of the latest (RL05) version of GRACE-AOD1B is based on the improved baroclinic Ocean Model for Circulation and Tides (OMCT) (Flechtner et al. 2010) . Flechtner et al. (2013) found a notable noise reduction in GRACE L2 RL05 models compared to RL04. According to their study, the improved quality of the oceanic part of GRACE-AOD1B plays a moderate role (less than 10 % of improvement is due to the new de-aliasing products). The atmospheric part of the RL05 is, however, the same as in RL04. GRACE-AOD1B can be downloaded from the Information System and Data Centre (ISDC), the German Research Centre for Geosciences (GFZ), Potsdam (http:// isdc.gfz-potsdam.de/index.php). The data are described in detail at http://www.gfz-potsdam.de/AOD1B.
The atmospheric part of GRACE-AOD1B is computed using a three-dimensional (3D) integration approach, in which surface pressure, geopotential, temperature, and specific humidity fields from the European Centre for MediumRange Weather Forecasts operational analysis (ECMWFop) are used and the resulting mass density is converted to potential coefficients (Flechtner 2007a) .
In fact, two large jumps in the GRACE-AOD1B atmospheric data are present, which occurred in January-February of the years 2006 and 2010, as a result of the level and resolution changes of ECMWFop fields. The existence of these jumps has an impact on GRACE L2 products (e.g., Duan et al. 2012 ) and, as a result, should be considered for computations of GRACE-derived mass variations. To clarify this point, let us assume that two different atmospheric models A1 and A2 are used for reducing atmospheric mass variations. Therefore, the two-step procedure consists of: (1) the 'remove-compute-restore' step, which first removes the high-frequency mass changes from the level 1B (L1B) data, using A1 products, then inverts the reduced L1B data into monthly mean fields, and finally adds back the mean of A1; (2) then, in the second step, one removes the monthly mean of the A2 fields from the outcome of (1) to obtain GRACE L2 solutions. In fact, usually the model A1 is chosen equal to A2, but if we knew that the quality of A1 is better at high frequencies and that of A2 is more consistent on the long-term time scale, it would make sense to use two different products for de-aliasing. In this contribution, we focus on the errors related to the second step, through assessing the impact of the atmospheric mass variations and particularly the mentioned jumps on the computations of linear trends as well as on the amplitude of annual and semi-annual changes.
To assess the potential impact of using an improved set of 6-hourly atmospheric de-aliasing products on the GRACE-derived mass estimations, a new set of 6-hourly total-atmospheric mass fields based on ECMWF reanalysis data (ERA-Interim, Dee et al. 2011) was computed. This new set has been improved compared to the atmospheric part of GRACE-AOD1B in terms of (a) the computational procedure and (b) the input parameters. In (a), a modified 3D integration approach that considers a more realistic physical and geometrical Earth's shape as well as a better quadrature approach (ITG3D approach in Forootan et al. 2013 ) is used to compute the products. For (b), the ERA-Interim reanalysis atmospheric fields are used as input of our 3D integration. We should mention that the ERAInterim atmospheric fields are computed based on the same operational cycles as ECMWFop, while assimilating in situ and satellite observations. Improved long-term consistency of ERA-Interim products when compared to ECMWFop and other reanalysis data sets was confirmed by Dee et al. (2011) and Lorenz and Kunstmann (2012) , respectively. Therefore, the jumps of 2006 and 2010 do not exist in ERA-Interim time series. Following this note, the new 6-hourly atmospheric total-mass de-aliasing products will be called 'ITG3D-ERA-Interim'. A mean field of 2001 to 2002 has been removed within the computation of ITG3D-ERAInterim, making them comparable to the atmospheric part of GRACE-AOD1B (for details see, Flechtner 2007a and Forootan et al. 2013 ). ITG3D-ERA-Interim is available via the website of the Astronomical, Physical, and Mathematical Geodesy (APMG) group, Bonn University (http://www. igg.uni-bonn.de/apmg/index.php?id=itg3d_erainterim). We should mention that the quality of ITG3D-ERA-Interim and of the atmospheric part of GRACE-AOD1B is comparable at high-frequencies.
Monthly averages of the two products were then com- Antarctica and Greenland. The basin-id 35 refers to Greenland as a whole, while 36 and 37 refer to its northern and southern parts, respectively selected period contains only the first jump (that of 2006) and it is similar to the period that, e.g., Llovel et al. (2010) and Jensen et al. (2013) used for studying the contribution of land water to sea level changes. The second period contains both jumps (also that of 2010). This investigation should be seen as complementary to other efforts that are currently undertaken to improve the methods of mass estimation and leakage reduction, e.g., that of Swenson and Wahr (2002) , Klees et al. (2007) , Longuevergne et al. (2010 ), Fenoglio-Marcc et al. (2012 , Forootan et al. ( , 2014 , and Jensen et al. (2013) . At the same time, a growing number of studies have already addressed the regional mass balance of mountain and polar mass glaciers, e.g., Jacob et al. (2012) and Barletta et al. (2012) . However, most of the previous studies do not account for the bias caused by an inaccurate reduction using the operational atmospheric products. Following this note, we will show that the magnitude of the related bias is quite considerable in some basins (e.g., ∼ 5.5 km 3 year −1 over the Amazon Basin) and glaciers (e.g., ∼ −1.2 km 3 year −1 over the north part of Greenland). An assessment of the local impacts of the existing jumps indicates that the magnitude of the bias reaches ∼1 cm equivalent water column (EWH) over some regions.
We should mention here that the impact of replacing the atmospheric part of GRACE-AOD1B by ITG3D-ERAInterim on the recovery of a monthly gravity field has been already discussed in Forootan et al. (2013) . Their results have indicated that the impact is above the error-curve of GRACE monthly products up to degree 30-40. In this study, our aim is to estimate the potential impact of an atmospheric bias on GRACE-derived mass estimations. Therefore, the following steps are considered: (i) both 6-hourly fields of ITG3D-ERA-Interim and GRACE-AOD1B were temporally averaged to derive monthly spherical harmonics of atmospheric mass; (ii) since GRACE-derived mass changes are usually computed after filtering the L2 products (see the references above), therefore, the Gaussian filter of either 300, 400 or 500 km half-width (Jekeli 1981 ) was applied to the monthly atmospheric fields; (iii) the differences of the two atmospheric de-aliasing products, with the mentioned filtering, were converted to mass changes in equivalent water height (EWH), following the approach of Wahr et al. (1998) ; (iv) basin averages of the derived differences in (iii) were computed, with considering the 33 world biggest river basins along with the Greenland and Antarctica ice sheets (basin boundaries are shown in Fig. 1) ; (v) linear trends as well , d, g ) show the slopes of the linear trend, fitted to monthly averaged differences. Graphs on the middle column (b, e, h) show the amplitude of the annual differences and those on the right column (c, f, i) correspond to the amplitude of the semi-annual differences as the amplitudes of annual and semi-annual components of the differences in (iv) for the period of January 2003 to July 2009 and January 2003 to December 2010 were computed and discussed in Sect. 2. Finally, the results of (v) can be interpreted either as a measure of uncertainty or as a bias due to jumps in the atmospheric mass variations derived from the ECMWFop model. This bias, thus, has to be considered for the studies that address GRACE-derived mass changes. We should mention here that truncation at some degree or using kernels in order to account for signal leakage may be considered in future studies. One might also consider more sophisticated approaches for filtering in (ii), e.g., Swenson and Wahr (2006) , Kusche (2007) or Klees et al. (2008) , but this does not alter the significance of our findings. Figure 2 shows the linear trend, annual and semi-annual amplitudes of the differences between the total atmospheric mass derived from ITG3D-ERA-Interim and GRACE-AOD1B, over January 2003 to July 2009. Note that Gaussian filtering with smoothing radius of 300 km (top row), 400 km (middle row) and 500 km (bottom row) has been applied to the results of Fig. 2 . Not surprisingly, we found the largest magnitudes for the linear rates of the differences (Fig. 2a,  d, g ) being concentrated over steep orography (e.g., over Central Asia and the west part of South America), and also over Greenland and Antarctica. The cause of this difference is mainly due to the jump of 2006 in GRACE-AOD1B. Figure 2b , e, h presents the amplitude of the annual differences between the two estimates, reaching up to 6 mm in EWH over, e.g., Antarctica. Finally, the amplitudes of differences at semi-annual time scale are shown in Fig. 2c , f, i. The amplitude of these differences was found to be almost half of the amplitude at annual time scale.
Results

Linear trends, annual and semi-annual amplitudes
To examine the impact of these differences on the estimation of GRACE-TWS changes, we analysed mass change over the 33 major river basins of the world as well as over the large ice sheets (boundaries shown in Fig. 1 ). Since the magnitude of the differences was comparable with respect to the different smoothing radii of Fig. 2 , water volumes were computed by multiplying the basin averages of the 300 km filtered differences by the area of the corresponding basins (reported in Table 1 ). The results are summarized in Table 1 and illustrated in Figs. 3, and 4a, b. In the following, we refer to the estimated linear trend and periodic components of the differences as the 'bias'.
We found the magnitude of the trend bias between two atmospheric mass estimations quite considerable in some basins, e.g., over January 2003 to July 2009: in Amazon ∼ 5.5 km 3 year −1 ; Parana ∼ 1.9 km 3 year −1 ; Mississippi ∼ −1.5 km 3 year −1 . Over Antarctica, the bias reaches up to ∼ −8.2 km 3 year −1 . Considering Greenland as one single basin, a bias of ∼ −0.8 km 3 year −1 was found, while over the northern part alone we found it to be ∼−1.2 km 3 year −1 and over the south part ∼ 0.5 km 3 year −1 . Specifically, these Greenland results clearly illustrate that the atmospheric bias does not appear spatially uniform (see Figs. 2 or 5) . One might also expect large biases when considering subbasins or particular glaciers, for instance, the areas in Central Asia and the west coast of South America. The estimated amplitude of the annual storage differences reaches up to ∼ 4.7 km 3 over river basins (e.g., Amazon, Congo, and Ob exhibit large annual differences). Over Antarctica, a large difference of ∼ 48.3 km 3 was found (see Table 1 ). In fact, the apparent mismatch of atmospheric models over Antarctica was reported in, e.g., Salstein et al. (2008) and Forootan et al. (2013) . The estimated semi-annual amplitudes of the storage differences were found to be smaller than half of the annual amplitudes. All detailed results are reported in Table 1 .
Obviously, the differences are comparable in magnitude to the uncertainties of mass estimations reported in, e.g., Llovel et al. (2010) and Jensen et al. (2013) . For instance, column Table 1 10 of Table 1 summarizes the ratios between the derived linear trend bias (column 4 of Table 1 ) and the linear rate of GRACE-derived mass estimations in Llovel et al. (2010) . The derived percentages indicate that in one-third of the river basins, the magnitude of the trend bias is greater than 10 % of the estimated mass rates. In fact, the mentioned studies do not account for the bias or uncertainty introduced by imperfect atmospheric products.
We repeated these computations for the period of January 2003 to December 2010 covering both jumps (Fig. 5) . The results are comparable to those of January 2003 to July 2009 in Fig. 2 , and the basin averages in Figs. 3, and 4a, b . Overall, the magnitude of the trend bias was found slightly smaller for most of the river basins, e.g., Amazon ∼3.4; Parana ∼1.5; Mississippi ∼−1.3 km 3 year −1 . However, for Antarctica the bias increased to ∼ −10. Table 1 .
PCA results
The findings presented in Sect. 2.1 outline the average impact of replacing GRACE-AOD1B by ITG3D-ERA-Interim on the estimated basin-averaged linear trend and seasonal storage components. In this section, the difference of the two products is investigated through the principal component analysis (PCA, Preisendorfer 1988) . PCA, which decomposes the differences into dominant orthogonal modes, empirical orthogonal functions EOFs and principal components PCs, helps to better understand the average impact of the atmospheric mass changes on GRACE-derived monthly TWS estimations. Table 1 In this section, we study the impact of atmospheric model differences on the GRACE-derived mass estimations at the local scale. Therefore, monthly total atmospheric mass fields were computed using ITG3D-ERA-Interim and GRACE-AOD1B products, while considering the spherical harmonics of degree 10-100 only. After applying a Gaussian filter of 300 km smoothing radius to the products, they were converted to mass changes following Wahr et al. (1998) . Please note that we exclude the first ten degrees in order to focus on local differences using the PCA decomposition. In fact, low degree spherical harmonic coefficients of ITG3D-ERA-Interim do not contain jumps and are more consistent on the long-term scale than those of GRACE-AOD1B. However, retaining the first ten degrees would somewhat mask local effects.
The PCA decomposition applied to the global differences (total atmospheric mass from ITG3D-ERA-Interim minus GRACE-AOD1B), covering the whole period of January 2003 to December 2010, is shown in Fig. 6 . In this paper, EOFs are unit-less anomaly maps that are scaled to be between −1 and 1. PCs are defined as their corresponding temporal evolutions in millimeter EWH. Each EOF multiplied by its corresponding PC provides an orthogonal mode of variability in the data; thus it can be interpreted individually (Preisendorfer 1988) .
The first mode (EOF1 and PC1 in Fig. 6 ), representing 40 % of the total variance of the differences, captures the first jump and a small part of the second jump. The spatial pattern of the first mode shows that the jump of 2006 affects the TWS estimates of the basins, e.g., over the Central Asia, Volga Basin and the basins over the west coast of both North and South America as well as over Greenland and Antarctica. The impact of the first jump reaches to 11.6 mm EWH over, e.g., the west coast of South America and Central Asia. The second jump is rather concentrated in the second tom row (g-i) are obtained after application of the Gaussian filter with half-width radius of 300, 400 and 500 km, respectively. Graphs on the left column (a, d, g ) show the slopes of the linear trend, fitted to monthly averaged differences. Graphs on the middle column (b, e, h) show the amplitude of the annual differences and those on the right column (c, f, i) correspond to the amplitude of the semi-annual differences mode (EOF2 and PC2) of Fig. 6 representing 15 % of the total variance of the differences. Compared to the first mode, the pattern of the second mode mainly exhibits its extremes on the steep orography of the Central Asia rather than other regions. The impact of the second jump reaches up to ∼9 mm EWH over some parts of the Central Asia. We should mention here that the impact of the jumps is sometimes additive in some basins and in some others they might mask each other (see EOF1 and EOF2 in Fig. 6 ). This can be justified by the value of EOFs and PCs in Fig. 6 . The third and the fourth orthogonal modes represent the annual and seasonal components of the differences, respectively. The total variance of the third mode is 13 %, and of the fourth mode is 4 %. Considering the patterns of EOF3 and EOF4, the magnitude of the annual and seasonal components is larger over Greenland and Antarctica than over the other parts of the globe.
To illustrate the impact of using different atmospheric reductions in a regional case, the PCA method was applied to the difference of ITG3D-ERA-Interim and GRACE-AOD1B masked over Greenland. Our motivation for selecting Greenland is due to its importance in global mass balance and also due to the fact that several recent studies (e.g., Schrama et al. 2011; Barletta et al. 2012) considered Greenland sub-basins The PCA decomposition of monthly total atmospheric mass differences derived from the ITG3D-ERA-Interim and GRACE-AOD1B products, covering January 2003 to December 2010. Before applying PCA, the fields are processed with the 300 km (half-width) Gaussian filter. Each EOF multiplied by its corresponding PC provides an orthogonal mode of variability in the data, e.g., EOF1 and PC1 refer to the first mode. PCs are in mm EWH for estimating regional mass balance or for a comparison of GRACE with other observation techniques, such as the Ice Cloud and land Elevation Satellite (ICESat) mission. The first and second modes shown in Fig. 7 contain 84 % of the total variance and capture the jump in 2006 and the annual differences. Regarding the spatial pattern (EOF1 and EOF2 in Fig. 7 ) the impact is larger over the central and southern parts of Greenland, reaching up to ∼ 6 mm EWH. The third mode indicates the impact of the second jump in 2010.
The spatial map shows a localized pattern over the coastal regions, reaching up to ∼8 mm EWH. We do not interpret the fourth mode due to its small contribution to the total variance (3 %). 
Fig. 7
The PCA decomposition of monthly total atmospheric mass differences (in mm EWH) derived from the ITG3D-ERA-Interim and GRACE-AOD1B products, over Greenland, covering January 2003 to December 2010. Before applying PCA, the fields are processed with the 300 km (half-width) Gaussian filter
Summary and conclusion
The advantage of using ERA-Interim reanalysis products, which are derived in a physically consistent framework, for studying long-term atmospheric variations has been pointed out in Dee et al. (2011) . Therefore, a new set of 6-hourly atmospheric de-aliasing products (ITG3D-ERAInterim), based on the ERA-Interim reanalysis data and using a modified integration approach (ITG3D), was computed. The average impacts of replacing the atmospheric part of GRACE-AOD1B by ITG3D-ERA-Interim were also estimated. Our results indicate that the two jumps of 2006 and 2010 in the atmospheric part of GRACE-AOD1B products affect estimates of linear trends and seasonal components over the 33 world major river basins, as well as Greenland and Antarctica at a considerable scale (see Table 1 ). The local magnitude of such replacement reaches up to ∼1 cm equivalent water column (EWH), for instance, over the Central Asia and Greenland (see e.g., January-February 2006 and 2010 in the first two modes of Fig. 6 ). Therefore, we suggest that either a bias correction is applied in the studies that use GRACE level 2 time-variable models over land, or the estimated GRACE-derived mass uncertainties are updated considering the computed differences. A solution, which can be used to account for the bias, is to modify monthly GRACE level 2 products by adding the difference between a state-of-the-art model of atmospheric mass variations and the atmospheric part of GRACE-AOD1B. An example of such a state-of-the-art model is ITG3D-ERA-Interim. Furthermore, the GFZ German Research Center for Geosciences, which is the GRACE-AOD1B producer, may offer its own state-ofthe-art model in the future.
